The endothelium, once considered a mere selectively permeable barrier between the bloodstream and the outer vascular wall, is now recognized to be a crucial homeostatic organ, fundamental for the regulation of the vascular tone and structure. Indeed, endothelial cells are able to synthesize and secrete a broad spectrum of anti-atherosclerotic substances, the most characterized of which is nitric oxide (NO), a gas that is generated from the metabolism of [l]{.smallcaps}-arginine by endothelial NO synthase (eNOS), constitutively expressed in endothelial cells ([@B1]). Under physiologic conditions, endothelial stimulation induces the production and release of NO, which diffuses to surrounding tissue and cells and exerts its cardiovascular protective role by relaxing media-smooth muscle cells, preventing leukocyte adhesion and migration into the arterial wall, muscle cell proliferation, platelet adhesion and aggregation, and adhesion molecule expression ([@B1],[@B2]). In disease conditions, including the presence of cardiovascular risk factors, the endothelium undergoes functional and structural alterations, thus losing its protective role and becoming a proatherosclerotic structure ([@B1]). In the earliest stages, the principal endothelial alteration is merely functional and addressed as "endothelial dysfunction." The fundamental feature of this condition is the impaired NO bioavailability. This can be the consequence of either a reduced production by eNOS or, more frequently, of an increased breakdown by reactive oxygen species (ROS) ([@B1],[@B2]). In the presence of impaired NO bioavailability, the endothelium implements various physiological pathways in the attempt to compensate for NO deficiency. For instance, endothelium-dependent vasodilation is warranted, although impaired, also in the presence of cardiovascular risk factors by the production and release of endothelium-derived vasodilators other than NO, such as prostanoids and other endothelium-derived hyperpolarizing factors. Along with NO deficiency, a dysfunctioning endothelium also becomes the source of other substances and mediators that are detrimental to the arterial wall, including endothelin-1, tromboxane A~2~, prostaglandin H~2~, and ROS ([@B2]). The presence of endothelial dysfunction, whether primary or after cardiovascular risk factors, has been implicated in the pathogenesis of atherosclerosis and thrombosis, both for the loss of its protective capability and for the induction of proatherothrombotic mechanisms ([@B2],[@B3]).

The regulation of the endothelial processes is largely vascular district--specific, thus producing different results in various organs and tissues. Within the same vascular district, it varies largely in relation to vessel size, i.e., large arteries (macrocirculation) versus arterioles (microcirculation). For this reason, the use of systemic circulating markers of endothelial function is unreliable. Moreover, NO is a volatile substance, with a very short half-life, and therefore its moment-by-moment quantification in a specific vascular area is almost impossible. Therefore, its bioavailability is usually evaluated in humans by measuring the downstream effects, namely the vasodilation induced by the local stimulation of NO production by specific external mechanical and pharmacological stimuli, i.e., through vascular reactivity tests ([@B4]). In particular, endothelium-dependent relaxation has been evaluated by the use of either receptor-operated (acetylcholine, bradykinin, substance P), mechanical (increase in shear stress), or mixed (dynamic exercise and cold pressor test) stimuli and in different vascular beds ([@B4],[@B5]). At the coronary level, endothelial function can be assessed in the macrocirculation by quantitative angiography, evaluating the change in coronary artery diameter after local infusion of agonists (e.g., acetylcholine), and in the microcirculation as changes in flow by intravascular ultrasound ([@B4]). This central approach is potentially the one with the highest clinical value, since it explores the vascular bed more often involved by the atherosclerotic process and is responsible for cardiac events. However, its invasiveness highly limits its applicability ([@B4]). Therefore, several other techniques have been developed to assess peripheral circulation endothelial function. In particular, peripheral microcirculation can be contemplatedly studied by venous plethysmography to evaluate forearm blood flow changes to intra-arterial infusion of various substances. This approach is useful, since it facilitates the study of mechanisms underlying endothelial dysfunction by administering endothelial agonists and antagonists ([@B4]). However, again, forearm blood flow is still invasive and requires brachial artery cannulation. For this reason, in the last decade, flow-mediated dilation (FMD) of the brachial artery has been widely used among researchers. Indeed, although its reproducibility is limited, FMD has the advantage of being completely noninvasive since it uses ultrasound analysis of brachial artery diameter after a local increase in shear stress, induced by a 5-min forearm ischemia ([@B4]). However, it is noteworthy that vascular responses obtained in different vascular areas/districts and using different stimuli and techniques are poorly related ([@B6]). Considering this aspect and the autocrine-paracrine nature of endothelial physiology, extreme caution should be taken in interpreting experimental studies and mostly in considering data obtained in a vascular region as indicative of endothelial function in other areas.

MECHANISMS UNDERLYING DIABETES-RELATED ENDOTHELIAL DYSFUNCTION
==============================================================

Patients with diabetes invariably show an impairment of endothelium-dependent vasodilation. This is partly due to the frequent association of the disease with other cardiovascular risk factors, including hypertension, obesity, and dyslipidemia. Moreover diabetic as well as obese patients usually consume a high-calorie diet rich in macronutrients that per se is able to induce vascular abnormalities. Indeed, protein ([@B7]), lipid ([@B7]), and glucose ([@B8]) loads are associated with a marked production in ROS, and high-fat meals are associated with an impaired endothelial-dependent vasodilation ([@B9]). A crucial negative effect is particularly attributable to high levels of circulating free fatty acids, which are able to induce ROS production and impair endothelial function ([@B10]). Mechanisms of endothelial damage in diabetes, independently from other cardiovascular risk factors, include insulin resistance, hyperglycemia, and low-grade systemic inflammation ([@B11]) ([Fig. 1](#F1){ref-type="fig"}).
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A large amount of literature has been published on the interaction between insulin and NO system. It was shown that, in normal subjects, insulin is able to induce a dose-dependent increase in lower limb blood flow by reducing vascular resistance in skeletal muscle ([@B12]), mainly vasodilating the microcirculation ([@B13]). This observed vasodilatory effect of insulin is, at least partly, mediated by the enhanced production of NO both through the activation of the insulin receptor substrate-1/phosphoinositol 3-kinase/Akt pathway ([@B14]) and increased expression of eNOS ([@B15]). Interestingly, studies on lower limb circulation showed that the magnitude of vasodilation to insulin appears to be linked to the rate of insulin-mediated glucose metabolism ([@B16]). However, some controversies exist on this topic, with other groups, including ours ([@B17]), failing to detect a net direct effect of insulin in inducing vasodilation. The reasons for this could be related to the use of different methodology used and different analyzed vascular districts. Indeed, we previously showed no net direct effect of insulin on forearm microcirculation, but a potentiating effect of insulin on acetylcholine-mediated vasodilation at this level, possibly through a hyperpolarizing effect on the endothelium ([@B17]).

However, insulin downstream pathways, whether through a direct interaction with the eNOS/NO system or other intracellular systems are implicated in the regulation of vascular tone and reactivity, since the presence of insulin resistance is associated with the presence of endothelial dysfunction, not only in diabetes and obesity, but also in more clean models of insulin resistance, such as polycystic ovary syndrome ([@B18]).

ENDOTHELIAL FUNCTION AND OTHER CARDIOVASCULAR RISK FACTORS
==========================================================

Endothelial dysfunction, detected as the presence of reduced vasodilating response to endothelial stimuli, has been observed to be associated with major cardiovascular risk factors, such as aging, hyperhomocysteinemia, postmenopause state, smoking, diabetes, hypercholesterolemia, and hypertension ([@B3]).

The presence of multiple risk factors, each contributing to the development of impaired NO bioavailability by different mechanisms, may be able to determine a progressive worsening of endothelial function. Accordingly, endothelial function in the coronary circulation was found to be inversely associated with the number of risk factors ([@B19]) and therefore with the global cardiovascular risk. This was also confirmed in the Framingham population, in which an escalating inverse relationship between endothelium-dependent relaxation, estimated by FMD, and the cardiovascular risk score, evaluated according to tables from "Framingham risk score," was demonstrated ([@B9]).

Moreover, the relationship between endothelial dysfunction and the presence of cardiovascular risk factors may be two-way. Indeed, recent data in postmenopausal women suggest that endothelial dysfunction may be a predisposing factor, or an anticipating marker for the development of hypertension ([@B20]) and diabetes ([@B21]), thus being not only a consequence or a collateral feature of risk factors, but also a possible pathogenetic mechanism for their onset.

ENDOTHELIAL FUNCTION AND TARGET ORGAN DAMAGE
============================================

Another important aspect concerns the role of endothelial function in the progression of atherosclerotic lesions ([Fig. 2](#F2){ref-type="fig"}). The importance of subclinical and clinical target organ damage is widely recognized and considered to profoundly influence patients\' prognosis, as emphasized recently by the 2007 European Hypertension Guidelines, representing an intermediate stage in the continuum of vascular disease eventually leading to clinical events. The main relevant organ damage includes vascular atherosclerosis, detected by ultrasound scanning; left ventricular hypertrophy, assessed by electrocardiography or by echocardiography; and renal damage, on the basis of a reduced renal function and/or the detection of elevated urinary albumin excretion. These structural alterations have been linked by experimental evidence to the extent of endothelial dysfunction. In particular, increased intima-media thickness of the common carotid artery, which is a noninvasive marker of atherosclerosis and a predictor of coronary and cerebrovascular disease, was demonstrated to be directly related to the impairment of endothelial dysfunction in the forearm microcirculation of hypertensive patients ([@B22]) and in the brachial macrocirculation of patients with coronary atherosclerosis ([@B23]). The results of these small studies have also been confirmed in the large cohort of the Cardiovascular Risk in Young Finns Study. Indeed, the authors found that brachial artery FMD was inversely associated with intima-media thickness, also after adjusting for age, sex, brachial vessel size, and several risk variables ([@B24]). Finally, Rundek et al. ([@B25]) reported that endothelial dysfunction of the conduit artery, measured as brachial FMD, was independently associated to carotid plaque in a multi-ethnic population of elderly men and women ([@B25]). Apart from large cerebro-afferent arteries, intracerebral microcirculatory endothelial dysfunction, through the impairment of the blood-brain barrier, cerebral autoregulation, and prothrombotic changes, may also play a role in the genesis of brain infarct and in particular for the lacunar subtype. This type of lesion is particularly frequent in diabetic and hypertensive patients and represents a risk for the development of cognitive impairment and dementia. To date, no specific study evaluating the relationship between peripheral endothelial function and brain lesions has been performed. However, available data showed increased circulating markers of endothelial activation and damage, such as intercellular adhesion molecule-1, thrombomodulin, tissue factor, and tissue factor pathway inhibitor in patients with cerebral small vessel disease ([@B26]).

![Schematic representation of the cardiovascular continuum from normal physiologic condition (*left*) to the presence of cardiovascular risk factors, subclinical organ damage, and eventually cardiovascular, cerebrovascular, and renal events (*right*). The earliest vascular abnormality is represented by endothelial dysfunction, which potentially precedes established cardiovascular risk factors, and tends to worsen in parallel with aggravation of organ damage. TIA, transient ischemic attack.](zdc0110977920002){#F2}

A significant relationship between endothelial function and coronary atherosclerosis is also present. In patients with coronary artery stenosis, a selective impairment of endothelium-dependent vasodilation in coronary arteries was demonstrated, not only in diseased vessels, but also in nondiseased prestenotic arterial segments or vessels, and in the coronary microcirculation ([@B3]). In addition, in these patients, the endothelial dysfunction is not only present centrally, but also in the peripheral macro- and microcirculation ([@B27]). Notably, in patients without angiographic evidence of coronary atherosclerosis, the vasodilation to intracoronary acetylcholine, index of endothelial function, was found to be inversely related to the presence of intramural plaques, as detected by Brunner et al. ([@B3]). Moreover, in patients with coronary artery disease, the presence of a reduced coronary flow reserve is associated with a more pronounced impairment in microvascular endothelial function ([@B28]). These data are supported also by longitudinal studies. In a group of patients with heart transplants, the presence of coronary endothelial dysfunction at baseline was associated with a significant augmented risk of developing arteriolosclerosis at the 1-year follow-up, as well as atherosclerotic lesions ([@B29]). Overall, these results support the existence of a link between endothelial dysfunction and the probability of developing structural changes in the coronary and carotid circulation.

It is well known that the increase in left ventricular mass is able to independently predict an increased risk for cardiovascular disease, and regression of left ventricular hypertrophy has a positive prognostic impact ([@B30]). Available data suggest that left ventricular hypertrophy is associated with the presence of endothelial dysfunction, particularly if a concentric geometry is present, and a direct relationship between left ventricular mass and the vasodilation to intrabrachial acetylcholine was also described ([@B21]).

Target organ damage, other than large arteries and heart, also includes impairment in renal function. In particular, the loss of albumin in urine is considered a marker of impaired glomerular permeability for plasma proteins and represents an integrated marker of subclinical organ damage, both in hypertension and in diabetes. Accordingly, existing data show that the presence of microalbuminuria is an independent predictor of renal events, as well as cardiovascular mortality and morbidity after adjustment for other conventional cardiovascular risk factors ([@B31]). Interestingly, in the LIFE trial, the levels of albumin excretion at baseline were independent predictors of cardiovascular outcome also in nondiabetic hypertensive patients with left ventricular hypertrophy, as well as for range of albuminuria below the threshold to define microalbuminuria ([@B32]). The presence of reduced endothelial function has been demonstrated in diabetic patients with albuminuria compared with normoalbuminuric diabetic patients, or healthy subjects, and the level of albumin excretion is inversely related to endothelium-dependent response in several diabetic and nondiabetic populations ([@B32]). Both microalbuminuria and endothelial dysfunction are expressions of an endothelial pathology; however, it is still uncertain whether they are interrelated, or if the two phenomena are caused in parallel by the cardiovascular risk burden. Moreover, it is of note that some studies failed to demonstrate a relationship between microalbuminuria and endothelial dysfunction in hypertensive patients, either in the peripheral macrocirculation ([@B33]) and microcirculation ([@B34]). Taken together, these data seem to suggest either that no direct connection between systemic endothelial function and albumin excretion exists or that impaired endothelial function precedes the development of microalbuminuria.

Another important renal parameter is represented by reduced renal filtration. In the presence of profoundly impaired renal function, the high prevalence of traditional cardiovascular risk factors, as well as the activation of other several mechanisms reducing NO availability ([@B35]), leads to marked endothelial dysfunction ([@B36]), which is considered to be involved in the accelerated atherosclerotic process, and cardiovascular morbidity and mortality, which characterize patients with renal disease. Although, as noted, in advanced renal disease, endothelial dysfunction is constantly present and its degree is correlated to the degree of glomerular filtration rate decrease ([@B36]), the association between endothelial and renal function is still uncertain in the presence of mild renal insufficiency. Some scientific data support the concept that hypertension-related endothelial dysfunction, as detected also in the peripheral microcirculation, may independently favor the progressive reduction in glomerular filtration rate ([@B37]), although this association was not confirmed in patients with severe coronary atherosclerosis ([@B38]).

ENDOTHELIAL FUNCTION AND CLINICAL EVENTS
========================================

In recent years, a large body of evidence has been accumulating to support the hypothesis that the presence of endothelial dysfunction represents a major promoter for atherosclerosis and thrombosis and is an independent prognostic predictor for the risk of future cardiovascular events in several groups of patients ([@B29],[@B39]) ([Fig. 3](#F3){ref-type="fig"}). It is important to note that the vasodilating responses in different vascular zones of the same subject are poorly related ([@B6]), partly due to the different techniques and stimuli used and partially because of the highly specific regional regulation endothelial physiology. Despite this, the presence of endothelial dysfunction is almost invariably an independent predictor of clinical events wherever detected. Indeed, this prognostic role has been demonstrated in peripheral and central circulation, in microcirculation and large arteries, and independently from the used endothelial stimulus ([@B3],[@B29],[@B39]). It should, however, be emphasized that the total number of clinical events so far investigated is limited and does not allow definition of the presence of endothelial dysfunction as an independent risk factor for cardiovascular events, since it could potentially represent an integrated marker for global risk. Finally, some conflicting studies should be remembered: In a high-risk population, the presence of reduced FMD showed an association to the risk of cardiovascular events at follow-up, which was, however, not independent of major cardiovascular risk factors ([@B40]), and the coronary vasodilating response to acetylcholine may lose its predicting role in patients referring for a coronary angiogram ([@B41]).

![Meta-analysis of studies evaluating the association between coronary or peripheral endothelial function and cardiovascular events. Adapted from Lerman and Zeiher ([@B39]).](zdc0110977920003){#F3}

IS ENDOTHELIAL DYSFUNCTION RESOLVABLE?
======================================

Several nonpharmacological and pharmacological approaches have been demonstrated to improve or reverse endothelial dysfunction, although their effect is never selective and usually also target one or more traditional cardiovascular risk factors. Considering that oxidative stress is the main pathophysiologic mechanism leading to impaired NO bioavailability and endothelial dysfunction, immense attention has been drawn by antioxidant substances. Although in acute studies the use of high-dose antioxidant vitamins is extremely effective in restoring normal endothelial function, interventional studies using oral administration of these substances (i.e., vitamin C and E) failed to provide consistent data ([@B42]). However, recently, other antioxidant compounds, such as the flavonoids contained in red wine and chocolate, have been found to ameliorate endothelial function in peripheral large arteries ([@B43]), although it is difficult to evaluate the importance of their direct effect on the endothelium from the beneficial effect on blood pressure and lipid profile ([@B43]).

Among cardiovascular drugs, there is a large variability as far as their effect on endothelial function is concerned, depending on their mechanism of action and investigated vascular size and location ([@B29]). In particular, classic antihypertensive β-blockers and diuretics are invariably found to have little or no effect on endothelium-dependent vasodilation ([@B29]). An exception to this is represented by newer β-blockers. Nebivolol, indeed, is able to induce vasodilation by a direct effect on NO synthase and by its antioxidant effect ([@B29]), and carvedilol was found to suppress ROS generation and improve endothelial dysfunction ([@B44]). However, in general, newer drug classes are more effective in the protection of the endothelium. Specifically, calcium-channel blockers have been consistently shown to reverse impaired endothelium-dependent vasodilation, mainly in the microcirculation, with conflicting results in the brachial artery FMD ([@B29]). It is important to note that the beneficial effect of this class of drug is strictly related to its well-demonstrated antioxidant activity, which improves NO bioavailability and goes beyond its antihypertensive effect. Indeed, calcium-channel blockers are able to improve endothelial function in normotensive hypercholesterolemic patients as well, without affecting blood pressure or lipid levels ([@B29]). An entirely different scenario characterizes the renin-angiotensin system modulating drugs. In fact, both ACE inhibitors and angiotensin receptor blockers are characterized by several pleiotropic effects, including antioxidant and anti-inflammatory activities ([@B45]). Several mechanisms inducing endothelial dysfunction are certainly attributable to angiotensin II, such as superoxide and vasoconstricting prostanoid production and release of endothelin-1 ([@B45]). Accordingly, ACE inhibitors and angiotensin receptor blockers have been shown to ameliorate endothelium-dependent vasodilation in several experimental settings, exploring both coronary and peripheral large arteries ([@B29],[@B45]), but conflicting results have been obtained in the microcirculation ([@B29]).

Statins represent another important cardiovascular drug class with proven beneficial effect in the primary and secondary prevention of cardiovascular events, independently of their lipid-lowering effect. Several ancillary properties of statins have been proposed to explain their beneficial excess, including their endothelium-protective action. The improvement of endothelial function by statin treatment is related to its ability to reduce LDL cholesterol levels and to partially increase HDL cholesterol ([@B46]). However, statins are able to improve endothelial function, even in the absence of any effect on lipid profile ([@B47]), and in populations with normal cholesterol levels, but distinguished by endothelial dysfunction, including smokers, hypertensive, and diabetic patients. This beneficial action on endothelial function may result as a consequence of various mechanisms, including the upregulation of eNOS expression, the enhanced NO release, their antioxidant activity, and the reduced expression and synthesis of endothelin-1 ([@B46]).

Also, glitazones (insulin-sensitizing agents used to treat patients with type 2 diabetes) have been found to have a protective and restoring effect on endothelial function. In randomized studies performed in diabetic patients, both rosiglitazone ([@B48]) and pioglitazone ([@B49]) were able to improve endothelial function compared with standard antidiabetic drugs. Similar results were obtained also in obese nondiabetic patients ([@B50]). These beneficial effects are the results of several pleiotropic actions of glitazones, including the ability to reduce levels of asymmetric dimethylarginine ([@B51]), a competitive inhibitor of eNOS, to decrease ROS production and inhibit vascular inflammation ([@B52]).

IS THE CORRECTION OF ENDOTHELIAL FUNCTION CLINICALLY RELEVANT?
==============================================================

Given these data, it is conceivable that the therapeutic correction of endothelial dysfunction may lead to an improvement of prognosis in patients with cardiovascular risk factors or cardiovascular disease. However, scant data are available on this topic, and most of the conclusions that can be drawn are highly speculative. There is, therefore, virtually no available substance able to specifically target the endothelium; moreover, the results of interventional studies evaluating the effect of cardiovascular drugs on endothelial function vary, depending on the investigated vascular zone and technique and stimulus used.

To date, only one study ([@B53]) evaluated the correctional effect of endothelial dysfunction in terms of cardiovascular risk events. A group of postmenopausal hypertensive women with impaired endothelial function, assessed by brachial artery FMD, was treated with antihypertensive drugs and followed up for \>5 years. In the subgroup that experienced amelioration of endothelial function within 6 months from the onset of treatment, the long-term outcome was found significantly better compared with the subgroup without improvement in FMD, with a lower rate of cardiovascular events, despite similar reduction in blood pressure ([@B53]). These results support the concept that the amelioration of endothelial dysfunction is potentially a powerful tool to reduce cardiovascular risk. Moreover, it can be speculated that among cardiovascular drugs, the ones with the ancillary property of improving endothelial function are possibly preferable in the treatment of risk factors.

An argument against this may be a derivative of evidence arising from controlled clinical trials on the use of lipid-lowering agents ([@B54]). Antihypertensive drugs ([@B55]) have clearly demonstrated that the benefit is virtually entirely attributable to the magnitude of cholesterol and lowering of blood pressure, respectively. Moreover, a meta-analysis showed no difference among antihypertensive drugs in improving patient prognosis ([@B56]), suggesting the reduction in blood pressure as the only clinically important effect of these drugs. It should be considered, however, that the duration of controlled clinical trials is usually 4--5 years, and this may be insufficient to detect additional benefit of some drug classes, especially in low-risk patients. Another aspect to consider is that of the definition of endothelial function. The endothelium embodies several activities contributing to vascular protection beyond vasodilation, including inhibition of platelet aggregation, smooth muscle cell proliferation, and vascular inflammation. The use of "endothelial function" (which is defined only on vasoreactivity) as an ancillary target for therapy, may in this sense not be completely correct, since it is possible that drugs improving endothelium-dependent vasodilation may potentially increase platelet aggregation or inflammation, such as the case for exogenous estrogen ([@B57][@B58]--[@B59]).

CONCLUSIONS
===========

There is no doubt that the structural and functional integrity of the endothelium is crucial to maintain vascular homeostasis and prevent atherosclerosis. This, as mentioned, is documented by the increased risk of developing target organ damage and cardiovascular events in the presence of endothelial dysfunction. So far, several cardiovascular drugs have been shown to improve compromised endothelial function through supposed pleiotropic and/or ancillary properties. However, it is difficult to highlight the direct effect on endothelium against the indirect effect of the specific drugs, such as the blood pressure--lowering, lipid-lowering, or insulin sensitivity--improving effect. Nonetheless, the endothelium is increasingly becoming a surrogate end point of the therapeutic approach to cardiovascular risk, as demonstrated by its inclusion among markers of organ damage in the latest European hypertension guidelines ([@B55]). Although it is possible that endothelial dysfunction is only a marker of cardiovascular risk, in the clinical practice, the development of a technique to easily and noninvasively explore endothelial function at a low cost will afford a reliable index of the effectiveness of patients\' cardiovascular therapy.
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